2 ) 2 P 3/2,1/2 and (4p 5 4d5s) 4 P 1/2,3/2,5/2 autoionizing states in rubidium atoms was studied experimentally by measuring the ejected-electron excitation functions and theoretically by employing a fully relativistic Dirac B-spline R-matrix (close-coupling) model. The experimental data were collected in an impact energy range from the respective excitation thresholds up to 50 eV with an incident electron energy resolution of 0.2 eV and an observation angle of 54.7
Introduction
Among the metals, the alkali atoms possess the simplest electronic structure of their outer shells, consisting of a lone valence electron and a filled subvalent shell. This makes them a favourite test object for experimental and theoretical studies of different excitation and ionization processes (see, for example, [1] [2] [3] [4] [5] ). One of such processes is the excitation of the ns 2 or np 6 subvalence shell. This results in the formation of a broad class of nsn 1 l 1 n 2 l 2 or np 5 n 1 l 1 n 2 l 2 autoionizing states, which are located about 10 eV above the first ionization limit. Of these, the lowest states (1s2s 2 ) 2 S, (1s2s2p) 2,4 P in lithium and (np 5 [n + 1])s 2 ) 2 P, (np 5 nd[n + 1]s) 4 P in other alkalis are of special interest for experimental and theoretical studies, because they are energetically well separated from other levels and have the largest excitation cross sections. The near-threshold excitation dynamics of these states was previously studied in lithium [6, 7] , sodium [8] , potassium [9] and caesium [5] atoms. In particular, the observation and classification of strong negative-ion resonances formed above the excitation threshold were presented. In this paper, we report similar studies for rubidium, thereby completing the series of our joint experimental and theoretical investigations of the electron-impact excitation dynamics for the outer p 6 -subshell in the alkali atoms Na-Cs.
An important role of resonance processes in excitation of the 4p 5 n 1 l 1 n 2 l 2 autoionizing states in Rb atoms is expected from the evident resonance character of the autoionization contribution to the total ionization cross section [10] and from the sharp rise of the excitation cross section close to the excitation thresholds of the lowest metastable [11] and quasi-metastable [12] autoionizing states. Earlier we reported the total excitation-autoionization cross section of rubidium atoms from the lowest 4p 6 ionization threshold up to 50 eV [13] . These data also revealed evidence for the strong effect of resonances on the relevant electron-impact excitation cross sections. In particular, preliminary data obtained in the earlier work on the excitation dynamics of the (4p 5 5s 2 ) 2 P 3/2,1/2 and (4p 5 4d5s) 4 P 1/2,3/2,5/2 autoionizing states in Rb exhibit strong near-threshold resonance features.
In this paper, we present experimental and theoretical results on excitation cross sections of the (4p 5 5s 2 ) 2 P 3/2,1/2 and (4p 5 4d5s) 4 P 1/2,3/2,5/3 autoionizing states in rubidium atoms excited by low-energy electron impact. All of these states decay by formation of an Rb + ion in its ground state (4p 6 ) 1 S 0 . Consequently, the intensities of the lines observed in the ejected-electron spectra from states with total electronic angular momenta J = 1/2 (no alignment possible) and also J = 3/2 are proportional to the excitation cross sections of these states (including cascades), provided the ejected electrons for the latter case are detected at the 'magic' angle of 54.7
• , where the second Legendre polynomial vanishes. For the 4 P 5/2 state, the proportionality is still a reasonable approximation for observation at this angle, although a higherorder alignment is possible that would manifest itself through a non-zero coefficient of the fourth-order Legendre polynomial in the angular distribution.
On the experimental side, the impact energy dependences of the intensity of ejected-electron lines (the so-called ejectedelectron excitation functions) were obtained in the energy range from the respective excitation thresholds up to 50 eV incident energy with a high incident-electron energy resolution of 0.2 eV. Theoretically, the close-coupling method was used to perform calculations of the excitation cross sections of the autoionizing states and to analyse the observed resonance structure. For a direct comparison between experiment and theory to be meaningful, interference effects between direct ionization and excitation-autoionization must be negligible. This is a very reasonable assumption for our system of interest.
Since rubidium is a heavy alkali atom, we chose to apply the fully relativistic Dirac B-spline R-matrix (DBSR) method [14] , which was successfully used previously for calculating the excitation of the lowest (5p 5 6s 2 ) 2 P 3/2 autoionizing state in caesium [5] . In contrast to Cs, however, the lowest 2 P 3/2,1/2 and 4 P 1/2,3/2,5/2 states in Rb are well separated from higherlying levels 4p 5 n 1 l 1 n 2 l 2 , thereby allowing us to perform a more precise study of these levels individually.
This manuscript is structured as follows. The experimental approach is briefly summarized in section 2. This is followed by some details of the theoretical approach in section 3. The results are presented and discussed in section 4 before we finish with a summary and conclusions in section 5.
Experimental details
The experimental part of this work was carried out using an ejected-electron spectrometer consisting of a monochromator and an analyser for electrons (both of 127
• electrostatic type) and an atomic beam source. The apparatus and the measuring procedure were described in detail earlier [6, 9] . Briefly, the ejected-electron spectra arising from the decay of the 4p 5 n 1 l 1 n 2 l 2 autoionizing states of Rb atoms were measured accurately with an incident electron energy resolution of 0.2 eV at the observation angle of 54.7
• . To minimize double collision effects and the possible formation of rubidium dimers, the oven temperature was kept at or below 130
• C. Even at such moderate operation conditions, occasional increases (about once in 5-6 h) in beam density and simultaneous vacuum deterioration were noted. The self-recovering of these parameters typically took 1-1.5 h.
The ejected-electron spectra were measured in series, step-by-step for impact energies starting from the lowest autoionization threshold at 15.31 eV [15] up to 19 eV by incrementing the incident energy in steps of 0.05 eV. Larger steps up to 5 eV were chosen for the higher incident energies. The spectral intensity was automatically normalized to the intensity of the incident electron beam by a 'current-to-frequency' converter. To control the stability of the experimental conditions during the entire measurement, a 'test spectrum' at an impact energy of 16.5 eV was measured before and after each set of three ejected-electron spectra.
The ejected-electron energy scale was calibrated by using photoabsorption data [1] for the (4p 5 5s 2 ) 2 P 3/2 state at 15.31 eV. The incident-electron energy scale was calibrated by comparing the relative position of the 4p 6 5p and 4p 6 4d energyloss lines at 1.579 and 2.400 eV [16] less than the incident energy and the (4p 5 5s 2 ) 2 P 3/2 ejected-electron line at 11.14 eV in spectra measured at impact energies 16.2eV. In order to account for a possible post-collision interaction (PCI) [17] energy shift of the (4p 5 5s 2 ) 2 P 3/2 line in the spectra measured at lower impact energies, the actual values of the incident energy were determined by subtracting the appropriate applied voltage step of the incident energy from the lowest calibrated energy value of 16.2eV. The uncertainties of the ejected-electron and incident-electron energy scales are estimated as ±0.04 and ±0.06 eV, respectively.
Sets of spectra were processed by subtracting the background intensity in deriving the line intensities. The ejected-electron excitation functions of the states were obtained as an incident-electron energy dependence of the corresponding line intensity. The results obtained in six separate measurements were compared and averaged over the energy position and intensity of the lines in order to account for fluctuations of the experimental conditions. Except for the first two points of all excitation functions, where the cumulative relative uncertainty is estimated to be 60%, this uncertainty does not exceed 35% below 20 eV and 25% for higher impact energies. Regarding a possible PCI effect at near-threshold impact energies, a direct analysis of the line profiles showed that-while such an effect exists-its influence is much smaller than the present experimental errors.
Numerical calculations
The numerical calculations for this work are based upon the DBSR method, which is a recently developed extension of the BSR complex [18] to the fully relativistic scheme. It is described in detail in its first applications to e−Cs collisions [5, 14] , with [5] including the study of coreexcited transitions similar to the present investigation of Rb atoms. The distinguishing features of the (D)BSR method are (i) the ability to use term-dependent, and hence nonorthogonal, sets of one-electron orbitals (Dirac spinors in the present case) in the target description and (ii) B-splines as the underlying, effectively complete basis to expand the wavefunction of the projectile. Furthermore, it is an all-electron approach, and hence core-valence correlation effects (such as the core polarization) can be described ab initio. As usual, the R-matrix method allows for an efficient calculation of results for a large number of collision energies, as needed particularly in near-threshold regimes that are often dominated by resonances.
An important aspect, especially for a complex target such as rubidium, is the structure description, which is by no means trivial. The bound states of the Rb atom have the relatively simple configurations (1s 2 , . . . , 4p 6 nl) 2 L. However, unless it is simulated by a semi-empirical core potential and hence immediately restricted to dealing with the valence electron alone [19] , it is important to consider the strong core-valence correlation. In our fully ab initio method, therefore, the calculation of the bound states included the following steps. We started by generating the core orbitals from a Dirac-Fock calculation for Rb + and then obtained valence nl orbitals for Rb with the Rb + core frozen. Next, the core-valence correlation was simulated by adding the 4s 2 4p
5n ln l and the 4s4p 6n ln l configurations, where the bar indicates a correlated rather than a physical orbital. All Dirac-Fock calculations were performed with the relativistic atomic structure package GRASP2K [20] .
The core-excited states of Rb were calculated separately, fully taking into account the relaxation of the physical core and valence orbitals. Specifically, we started by generating new core orbitals from a Dirac-Fock calculation for the Rb 2+ (4s 2 4p 5 ) ion. Then we calculated the excited states of Rb + (4s 2 4p 5 nl LSJ), also taking into account the strong term dependence of the ionic valence orbitals nl. Finally, the entire spectrum of core-excited states in Rb was calculated using the B-spline box-based expansion
where A denotes the antisymmetrization operator, J is the total electronic angular momentum of the target state, and π is the parity. Depending on the parity of the state of interest, either the ϕ(4p 6 5s) (even) or ϕ(4p 6 5p) (odd) configurations were allowed to mix in (1).
The unknown large and small radial components for the orbitals of the outer valence electron, φ(nl), were expanded in separate B-spline bases as
and
The coefficients of the B-spline expansions, p i and q i , together with the coefficients for the correlated and physical core-excited configurations, a i and b i , were found by diagonalizing the Dirac-Coulomb Hamiltonian with the additional requirement that the wavefunctions vanish at the boundary. The above scheme allows us to account for the very strong configuration mixing between core-excited states, usually referred to as valence correlation. The expansion (1), however, does not include the core-valence correlation terms, e.g., the (4s4p 6 nln l ) or (4s 2 4p 4 nln l n l ) configurations. The inclusion of such terms would considerably extend the target configuration expansions and make the following scattering calculations too large for currently available computational resources. The present target expansions contain 50-80 configurations, which allows us to carry out the scattering calculations in a reasonable amount of time.
Only a few experimentally well-established autoionizing states are known in Rb (see table 1 in [13] and discussion therein). They can be used to estimate the accuracy of the calculated wavefunctions. For these states, the energy difference between the calculated and the observed thresholds never exceeded 0.2 eV. In light of the complexity of the system, we consider this level of agreement satisfactory for the present purpose. In order to allow for a direct comparison with the experimental excitation functions, we slightly adjusted our Hamiltonian matrix elements and used experimental energies for the (4p 5 5s 2 ) 2 P 3/2,1/2 and (4p 5 4d5s) 4 P 1/2,3/2,5/2 states considered in this work.
For the scattering calculations we chose an R-matrix radius of a = 50 a 0 , with a 0 = 0.529 × 10 −10 m being the Bohr radius. We included 120 B-splines of order 8 for the large component and 121 B-splines of order 9 for the small component. The different B-spline orders for the two components ensure the absence of spurious solutions [21] . The relatively large number of splines is due to the fact that we employed a finite-size nuclear model with a Fermi potential. Our scattering model contained 69 target states, including the three bound states (4p 6 6s) 2 
Results and discussion
As an example of measured spectra, figure 1 shows the spectra obtained for fixed impact electron energies of 16.14, 16.73 and 18.03 eV, respectively. Due to energy conservation, all observed lines reflect the decay of autoionizing states with formation of the Rb + ion in the 4p 6 1 S 0 ground state. Hence, the excited-state energy corresponds to the incident energy less the measured energy of the ejected electron and the ionization potential of 4.18 eV [16] . No new lines were observed in the present spectra in comparison with the previous work by Pejcev et al [15] . In accordance with the spectroscopic classification of the Rb low-lying autoionizing levels presented in [13] 5 5s 2 ) 2 P 3/2 state also indicates a significant resonance contribution. The excitation function of the (4p 5 5s 2 ) 2 P 1/2 state shows additional enhancement of the cross section around 20 eV (labelled feature A).
The excitation functions for the three quartet states (figure 3) possess very similar shapes. They exhibit small resonance features (g, i, k) close to the thresholds and strong maxima (h, j, l) around 18 eV. The excitation function for the (4p 5 4d5s) 4 P 1/2 state exhibits a noticeable rise around 22 eV (feature m). While the excitation functions for the 4 P 3/2,5/2 states also show some irregularity in this energy region, they lie well inside the error bars. All functions have a broad maximum around 28-30 eV and quickly decrease at higher energies, thereby reflecting the exchange character for electron excitation of quartet states.
Figures 4 and 5 compare the measured and calculated cross sections. The relative experimental data were first crossnormalized to each other and then absolutely normalized to 5 5s 2 ) 2 P 3/2,1/2 states in rubidium. The experimental data were visually normalized to the present theory for the 2 P 3/2 state in the non-resonant regime above 17 eV.
the measured relative intensities of the (4p 5 5s 2 ) 2 P J lines, in addition to yielding very good agreement in the shape of the excitation functions. Note that the ratio of about 4 at the peaks differs considerably from the statistical ratio of 2 found outside the resonance region. While the DBSR theory also correctly reproduces the intensities of the (4p 5 4d5s) 4 P J lines at higher energies, the present calculations do not show the strong nearthreshold maxima found in the measurements.
The dominant maxima in the (4p 5 5s 2 ) 2 P J excitation functions represent contributions from many individual negative-ion resonances. Figures 6 and 7 exhibit their partialwave decompositions in the region from threshold to 19 eV. According to our calculations, the dominant maxima found in the experiment just above the excitation threshold essentially originate from the contributions of the four partial waves J π tot indicated in the legend. All of these contributions come from odd-parity symmetries and correspond to the scattering of incident electrons with orbital angular momentum l = 1 or l = 3. The calculated energies and widths of some prominent resonances are presented in It is also interesting to compare the origin of the first near-threshold maxima in the electron-impact excitation of the leading (np 5 [n + 1]s 2 ) 2 P 3/2,1/2 autoionizing states in different alkali atoms. In Rb and Cs [5] , the dominant contribution comes from a resonance with large total electronic angular momentum J tot = 4 − . In Cs, this contribution is mainly due to 5p 5 6s5d 2 negative-ion states, whereas in Rb it is due to the 4p 5 5s5p 2 states. On the other hand, the nearthreshold maximum in K [5] is a superposition of many resonances with J tot = 0 − 3, of both odd and even parity, with dominant configurations 3p 5 3d4s4p, 3p 5 4s4p 2 and 3p 5 4s3d 2 , respectively. At the same time, the corresponding maximum in Na is entirely due to (2p 5 3s 2 )kp shape resonances [8] , while the core-excited negative-ion states only play a minor role. This indicates that the correlation effects in the core-excited states of the various alkali atoms are very different, and that the scattering of incident electrons with large orbital angular momentum plays an increasingly important role for the heavy alkalis.
The present scattering model successfully describes the resonance contribution in the excitation of the (4p 5 5s 2 ) 2 P J states. It fails, however, to predict the near-threshold peaks in the excitation of the (4p 5 4d5s) 4 P J states. A likely reason is that our close-coupling expansion is insufficient to reproduce all important negative-ion states. As mentioned above, with the available computational resources we were only able to include a small part of the 4p 5 4d5p manifold. Higher-lying core-excited target states, such as 4p 5 5p 2 , 4p 5 4d 2 , 4p 5 4d4f or 4s-excited states may provide important contributions to the formation of negative-ion states, thereby changing the resonance excitation for higher-lying states in Rb. Another important feature, not included in the present calculations, is the cascade contribution (see discussion below). Consideration of the cascade contribution requires the branching ratios for the relevant autoionizing and radiative decay channels. This is beyond the scope of the current DBSR code.
Our earlier analysis of the excitation cross sections of the lowest core-excited states in sodium [22] and potassium [23] atoms revealed the essential contribution of radiative cascades (up to 100% and 35%, respectively) to the excitation cross section of the leading autoionizing doublets. The largest contribution was observed for the upper 2 P 1/2 components. While the radiative decay channels themselves may contribute no more than 3%, it was also shown that the observed enhancements are caused by the strong near-threshold resonance excitation of the upper cascading states. As seen from figure 2, the excitation function for the lower (4p 5 5s 2 ) 2 P 3/2 component in rubidium exhibits a smooth energy dependence above 17 eV, thereby indicating an insignificant role of additional population processes for this state. On the other hand, for the upper (4p 5 5s 2 ) 2 P 1/2 component, an enhancement of the cross section (by about 20%) is seen around 20 eV (feature A). As follows from photoabsorption data [25] [26] [27] for wavelengths between 624 and 577Å (19.8-21.5 eV), the 4p 6 photoabsorption spectrum altogether contains 46 lines, of which only 8 appear broadened. Similarly, a small number of low-intensity lines were seen in the same energy region of ejected-electron spectra [15] . This implies that some autoionizing states above 19 eV preferably decay via radiative transitions into the low-lying states. Such cascade transitions may cause the rise of the apparent cross section of the (4p 5 5s 2 ) 2 P 1/2 state around 20 eV. The high efficiency of cascade transitions in electron impact excitation of the low-lying autoionizing, quasimetastable and metastable quartets was also found earlier in potassium atoms [28] . Cascade transitions from the (3p 5 4s4p) 4 D J levels in particular, enhanced by both resonance excitation of these levels and dipole transitions from the (3p 5 3d4s) 4 F J levels, are responsible for the strong resonance-like structure observed in the excitation function of the lowest (3p 5 3d4s) 4 P state. A preliminary analysis of these data together with the present results for the (4p 5 4d5s) 4 P J states shows their similarity in the general patterns of the excitation dynamics. Therefore, the broad structures observed between 17 and 24 eV in the excitation functions of the quartet states (see figures 3 and 5) may have the same cascade-related origin. However, the detailed picture of the corresponding processes cannot be obtained without data on the spectroscopic parameters and excitation dynamics for the autoionizing states from the 4p 5 4d5s, 4p 5 5s5p, 4p 5 5p 2 , 4p 5 4d5p lowest configurations in rubidium atoms. Such studies, both experimental and theoretical, are currently being carried out by our group.
Summary and conclusions
The electron impact excitation dynamics of the lowest doublet and quartet autoionizing states in Rb atoms has been studied experimentally by measuring the ejected-electron excitation functions for each of the (4p 5 5s 2 ) 2 P 3/2,1/2 and (4p 5 4d5s) 4 P 1/2,3/2,5/3 states individually and theoretically by performing fully relativistic B-spline R-matrix calculations. The data revealed a strong resonance excitation of all states considered. Good agreement between experiment and theory was found for the lowest 2 P 3/2,1/2 states and, to some extent, also for the 4 P 1/2 state, while significant deviations between experiment and theory remained for the 4 P 3/2,5/2 states. Furthermore, the observed resonance structure was classified. The measured excitation functions were normalized to theory, with good agreement in the relative intensities of all states considered. The present experimental data also indicate the importance of cascade populations of the 2 P 1/2 and especially the 4 P J states. This work completes the series of our joint experimental and theoretical studies of the electron-impact excitation dynamics for the outer p 6 -subshell in alkali atoms. Systematic datasets for the excitation cross sections of core-excited states, together with a spectroscopic classification of the negativeion resonances, were obtained for Na, K, Rb and Cs. The work required further developing (i) the experimental method and apparatus for measuring high-resolution ejected-electron excitation functions of autoionizing states in metal targets and (ii) sophisticated theoretical approaches based on the closecoupling method. In particular we used the BSR and DBSR codes, which have great flexibility to accurately represent the multi-configuration target states by employing term-dependent non-orthogonal orbital sets. These all-electron codes allowed us to consider the complex processes associated with coreexcited states in alkali atoms.
Considering the currently available data for inner-shell excitation in alkali atoms, we conclude that excitation of the lowest (np 5 [n + 1]s 2 ) 2 P autoionizing states is now well established, both theoretically and experimentally. Comparison of the results for Na, K, Rb and Cs suggests that the origin of the near-threshold maximum is characteristic for each of them individually and changes strongly from atom to atom. The available experimental data for excitation of the higher-lying core-excited levels (especially the metastable quartet autoionizing states [24] ) reveal an even more complicated resonance structure. The theoretical investigation of such states is extremely challenging and requires very large close-coupling expansions, with the multi-configuration target description alone posing a major computational task.
We are currently in the process of parallelizing the DBSR code complex and hope to tackle such problems in the future.
